We present optical and near-infrared photometry and spectroscopy of SN 2009ib, a Type II-P supernova in NGC 1559. This object has moderate brightness, similar to those of the intermediate-luminosity SNe 2008in and 2009N. Its plateau phase is unusually long, lasting for about 130 days after explosion. The spectra are similar to those of the subluminous SN 2002gd, with moderate expansion velocities. We estimate the 56 Ni mass produced as 0.046 ± 0.015 M ⊙ . We determine the distance to SN 2009ib using both the expanding photosphere method (EPM) and the standard candle method. We also apply EPM to SN 1986L, a type II-P SN that exploded in the same galaxy. Combining the results of different methods, we conclude the distance to NGC 1559 as D = 19.8 ± 3.0 Mpc. We examine archival, pre-explosion images of the field taken with the Hubble Space Telescope, and find a faint source at the position of the SN, which has a yellow colour ((V − I) 0 = 0.85 mag). Assuming it is a single star, we estimate its initial mass as M ZAMS = 20 M ⊙ . We also examine the possibility, that instead of the yellow source the progenitor of SN 2009ib is a red supergiant star too faint to be detected. In this case we estimate the upper limit for the initial zero-age main sequence mass of the progenitor to be ∼ 14 − 17 M ⊙ . In addition, we infer the physical properties of the progenitor at the explosion via hydrodynamical modelling of the observables, and estimate the total energy as ∼ 0.55 × 10 51 erg, the pre-explosion radius as ∼ 400 R ⊙ , and the ejected envelope mass as ∼ 15 M ⊙ , which implies that the mass of the progenitor before explosion was ∼ 16.5 − 17 M ⊙ .
of them (Li et al. 2011, volume-limited sample) . They can be classified by the strong hydrogen lines in their spectra and by their characteristic light curves that show a near constant luminosity during the first ∼ 100 days of evolution.
SNe II-P with lower absolute magnitudes, slower expansion velocities and smaller 56 Ni masses than the majority have been studied extensively. SN 1997D was the first subluminous SN analysed (Turatto et al. 1998; Benetti et al. 2001) , and was followed by e.g. 1999br Pastorello et al. 2004 ), 2002gd (Spiro et al. 2014) , 2003Z Spiro et al. 2014 ), 2005cs (Takáts & Vinkó 2006; Pastorello et al. 2009 ), and 2009md (Fraser et al. 2011) Recently, a few analyses of SNe II-P that have parameters falling in between those of the normal and subluminous objects have been published. SNe 2008in (Roy et al. 2011) , 2009js (Gandhi et al. 2013) , and 2009N (Takáts et al. 2014) showed mixed properties, similarities to both groups. The observed properties of SNe 2008in and 2009N, such as their luminosities, spectra, expansion velocities were almost identical. By estimating the progenitor parameters at the explosion for SN 2009N, Takáts et al. (2014 found that the explosion energy and the estimated 56 Ni mass of this object are between the typical values of the subluminous and normal SNe II-P. Gandhi et al. (2013) showed that the characteristics of SN 2009js place this object in between the subluminous SNe and SN 2008in. The studies of these intermediate SNe suggest that subluminous and normal SNe II-P do not form distinct groups.
Similar conclusions have been drawn by Anderson et al. (2014) and Sanders et al. (2015) , who carried out studies that examined the light curves of a large number of SNe. Anderson et al. (2014) collected V -band light curves of 116 SNe, while Sanders et al. (2015) used grizy-band photometry of Pan-STARRS1 objects. Both groups concluded that the light curve properties of SNe II, such as the absolute magnitude, plateau length, decline rate have a continuous distribution.
SNe II-P are thought to emerge from stars with main sequence masses of > 8 M ⊙ . This is supported by cases, when red supergiant progenitors with masses between 8 − 16 M ⊙ have been directly detected on archival, high-resolution preexplosion images (recent examples include Smartt 2009; Fraser et al. 2011; Van Dyk et al. 2012; Maund et al. 2014) . Despite these studies, however, we still do not fully understand the causes of the observed diversity of these objects. The analysis of new and different objects can help to better understand their progenitor and the explosion mechanism.
In this paper we present data and analysis of an object, that seems to belong to this group of "intermediate" SNe II-P, but also shows significant differences from those previously studied, further blurring the line between the subgroups of SNe II-P. SN 2009ib was discovered by the Chilean Automatic Supernova Search (CHASE) project on August 6.30 UT 2009 in NGC 1559 (Pignata et al. 2009 ). This galaxy have hosted three other SNe, 1984J (Evans et al. 1984 , type II), 1986L (Evans et al. 1986 , type II-P) and 2005df (Wang & Baade 2005, type Ia) . SN 2009ib was classified as a type II-P SN similar to SN 2005cs a week after its explosion on 2009 August 9.1 UT (Stritzinger & Folatelli 2009 ).
This paper is organised as follows. In Sect. 2 we present optical and near-infrared photometric observations, estimate the extinction towards the SN and examine its colour evolution. In Sect. 3 the optical and NIR spectra are shown and compared to those of other SNe II-P. We estimate the distance to SN 2009ib in Sect. 4 using the expanding photosphere method (EPM) and the standardized candle method (SCM), and apply EPM to SN 1986L, another SN II-P that exploded in the same host galaxy. In this section we estimate the time of explosion of SN 2009ib as t0 = 55041.3 MJD (2009 July 29.3 UT), the epoch we use throughout the paper. We calculate the bolometric luminosity and the produced 56 Ni mass in Sect. 5. In Sect. 6 we examine the pre-explosion images of the SN site taken with the Hubble Space Telescope (HST) searching for the progenitor, and we also determine the progenitor properties via hydrodynamical modelling of the SN observables and compare the obtained physical parameters with those of other SNe II-P. We compare the light curve and spectra of SN 2009ib to the non-LTE (non-local thermodynamic equilibrium) timedependent radiative-transfer models of Dessart et al. (2013) . Finally, in Sect. 7 the main results are summarized.
PHOTOMETRY
Optical photometry was collected using multiple telescopes with U BV RI and u ′ g ′ r ′ i ′ z ′ filters, covering the phases between 13 and 262 days after explosion. The basic reduction steps of the images (such as bias-subtraction, overscancorrection, flat-fielding) were carried out using the stan-dard iraf 1 tasks. The photometric measurement of the SN was performed using the point-spread function (PSF) fitting technique via the snoopy package 2 in iraf. The calibration of the photometry was carried out by observing standard fields (Landolt 1992; Landolt & Uomoto 2007; Smith et al. 2002) on photometric nights. With the help of these images, magnitudes for a local sequence of stars (Fig. 1 , Tables A1 and A2) on the SN field were determined and used to calibrate the SN measurements (Tables A4 and A5) .
Near-infrared photometry was obtained using the Rapid Eye Mount telescope (REM) in JH bands. Dithered images of the SN field were taken in multiple sequences of five. The object images were dark-and flatfield-corrected, combined to create a sky images then the sky images were substracted from the object images. The images were then registered and combined. Photometry was carried out with PSF-fitting, also using the snoopy package. In order to calibrate the measurements, magnitudes of local sequence of stars were obtained from the 2MASS catalogue (Table A3 ; Skrutskie et al. 2006) . The JH magnitudes of the SN can be found in Table A6 and in Fig. 2 . SN 2009ib was discovered ∼ 8 days after explosion (±2 days, Section 4.1.1), at the beginning of its plateau phase. On the plateau the magnitudes in V r ′ Ri ′ Iz ′ bands are roughly constant. In u ′ Bg ′ bands the magnitudes decrease more rapidly in the first ∼ 40 days, while in the JH bands the brightness increases for ∼ 75 days (Fig. 2) .
The plateau phase of this SN is unusually long, longer than that of most SNe II-P. After the plateau the brightness drops almost 2 magnitudes in ∼ 30 days. Unfortunately, the tail phase is less well-sampled, with the last measurement at 262 days. This phase is powered by the radioactive decay of 56 Co to 56 Fe. The expected decline rate, assuming full trapping of the gamma-rays, is 0.98 mag/100d (Patat et al. 1994) . Between days 160 and 262 we measure the decline rate in the bolometric light curve (Sect.5) as 1.12 ± 0.05 mag/100d, while in V band as 0.78 ± 0.05 mag/100d, in R band as 1.14 ± 0.09 mag/100d. Note, that number of data points to fit the light curve tail is low in every band and our observations only cover the beginning of the tail phase, therefore these measurements are quite uncertain. Fig. 3 compares the shape of the light curves of a sample SNe II-P. We included in this sample the subluminous SN 2005cs, the normal SN 2004et, and the intermediate SN 2009N, which had a brightness similar to that of SN 2009ib. Some important parameters of the SNe used for comparison throughout the paper can be found in Table 1 . Fig. 3 shows that the main differences in the light curves are the length of the plateau and the brightness of the tail relative to the plateau. SN 2009ib has a very long plateau and a relatively small drop to the tail. SN 2009N has a significantly shorter plateau, while the drop to the tail is about the same as for SN 2004et. The normal SN 2004et and the subluminous SN 2005cs has similar plateau lengths, while the drop to the tail is greater for SN 2005cs. In order to compare the plateau length of SN 2009ib to that of other SNe, we determined the epoch of the middle of the transition from the plateau to the tail (tP T ) via fitting the analytic function of Olivares et al. (2010) to the V band light curves of the SNe. Note, that Anderson et al. (2014) used the same method on a much larger sample to estimate tP T . The difference between tP T and the explosion epoch (t0) of the comparison SNe can be found in Table 1 . In the case of SN 2009ib we obtained tP T −t0 = 141±2 days, which is about 8−33 days longer than those of the comparison SNe.
Reddening and Colour Curves
The galactic extinction in the direction of SN 2009ib is low, E(B − V )MW = 0.0257 ± 0.0002 mag (Schlafly & Finkbeiner 2011) . Using the classification spectrum taken with the Gemini South Telescope (see Sect. 3), we measured the equivalent width of the Na i D line at the redshift of the host galaxy as EW (NaD) = 0.838 ± 0.018Å (the components of the multiplet are not resolved in the spectrum). At the redshift of the Milky Way Na i D absorption cannot be detected in the spectrum, in agreement with a low E(B −V )MW. Using the equation of Poznanski et al. (2012) , the equivalent width of Na i D leads to the host galaxy reddening of E(B − V ) host = 0.131 ± 0.025 mag. Together with the Milky Way component we estimate the total reddening as E(B − V )tot = 0.16 ± 0.03 mag. Note, however, that in several cases the Na i D feature was shown to be an unreliable indicatior of extinction (see e.g. Poznanski et al. 2011; Phillips et al. 2013 ). During the second half of the plateau phase the colours of the SNe in our sample remain roughly constant, but when this phase ends they become significantly redder. The colour of SN 2009ib is mostly constant about 10 − 30 days longer than those of the other SNe and only then becomes as redder, which is a manifestation of the longer plateau phase. During the nebular phase the colours are similar to those of SN 2004et.
SPECTROSCOPY
Optical spectroscopic observations of SN 2009ib were taken with the Gemini South Telescope (GST+GMOS), the New Technology Telescope (NTT+EFOSC2) and the Very Large Telescope (VLT+FORS2) between days 11 and 263 after explosion (for the summary of the observations see Table  2 ). The image reduction was carried out using standard iraf tasks. After the basic reduction steps the spectrum was extracted and wavelength calibrated using comparison lamp spectra. We used spectra of standard stars observed Table 1 . Explosion epoch, reddening, distance and plateau length of the SNe used for comparison throughout the paper. References: (1) , (2) Leonard et al. (2002a) , (3) Leonard et al. (2003) , (4) and 6. In the case of the first spectrum taken with GST there was no flux standard star observed, therefore we used the standard taken during the night of our second GST observation, on August 14, for flux calibration. The continuum of both spectra, indicate unreasonably high temperatures, in disagreement with the photometric measurements. Since we have another spectrum taken by NTT at the same epoch as the second GST spectrum, we adjusted the continuum of both of the GST spectra with the help of this NTT spectrum, resulting in more realistic but quite uncertain continua (Fig. 5) . The classification spectrum of SN 2009ib was taken on Aug. 9.1 UT with the GST (Pignata et al. 2009 ). Lines of the Balmer-series of H i and He i λ5876 are present. According to the SNID program (Supernova Identification, Blondin & Tonry 2007 ) the spectrum is similar to that of SN 2005cs about a week after explosion. By day 16 metallic lines had appeared such as Fe ii, Ti ii, Si ii, Ca ii, while He i was not visible any more. The third spectrum was taken at the phase of 46 days, when the metallic lines were much stronger and lines of Na i D, Sc ii, Ba ii and O i also appeared. During the rest of the plateau phase these lines persisted, and also remained present after the luminosity drop, at the In Fig. 8 we compare the +83 day spectrum of SN 2009ib with the spectra of normal and subluminous SNe taken at similar phases. The shape, width and relative strength of the features in the spectrum of SN 2009ib, especially the lines of H i, Ba ii and Fe ii, appear to be the most similar to those of the subluminous SN 2002gd and differ somewhat from those of SN 2009N, and from those of the other subluminous SN included in this comparison. It demonstrates that the observational properties of SNe II-P are diverse, they do not form clearly distinguishable groups.
NIR spectra
Two NIR spectra were taken with NTT (+SOFI), on days +48 and +84 ( Table 2 ). The reduction steps were carried out using standard iraf packages. Each night several pairs of spectra were taken at different positions along the slit. These pairs were subtracted from each other in order to remove the sky background, the subtracted images were then added together. The SN spectrum was extracted from the co-added image. The wavelength calibration was carried out using arc lamp spectra that was taken before and after the SN spectra. The strong telluric features were removed with the help of the spectrum of a G-type telluric standard star observed close in time, with the same instrumental setup and at similar airmass as the SN. We also used the spectrum of the telluric standard for the flux calibration of the SN spectra that were later checked against the NIR photometry from the nearest epoch and corrected when necessary.
The NIR spectra of SN 2009ib are shown in Fig. 9 . We marked the position of the spectral lines commonly seen in NIR spectra of SNe II-P. Along with the H i features, lines of Sr ii, C i and Fe ii are visible. The first NIR spectrum covers also the range redwards from 16000Å, where we marked the position of He i λ20580, however the line is not visible. In Fig.10 ), however less pronounced, maybe due to the strong, wide C i feature next to it. This line was identified by Takáts et al. (2014) as either a high-velocity component of He i λ10830 or a Si i feature, however they were unable to draw a definite conclusion (see their Fig.16 ).
DISTANCE
The distance to the host galaxy of SN 2009ib, NGC 1559, has been measured several times. The results, however, show a high scatter, falling in the range between 12.6 and 22.0 Mpc (see Sect. 4.4). There are two methods that allow us to measure distances of SNe II-P directly, EPM (Kirshner & Kwan 1974) and SCM (Hamuy & Pinto 2002) . We apply both methods on the data of SN 2009ib (Sect.4.1 and 4.2) and EPM on the data of SN 1986L, an earlier SN that exploded in the same galaxy (Sect.4.3).
EPM
EPM is a variant of the Baade-Wesselink method, its application requires photometric and spectroscopic monitoring throughout the first half of the plateau phase. A great advantange of this method is that it does not require calibra- tion using objects with known distances. Assuming that the optically thick ejecta expands homologously and radiates as a diluted blackbody, the method relates the apparent radius of the photosphere to its physical radius. The method has been discussed extensively in the literature, so for details we refer the reader to the relevant papers (e.g. c RAS, MNRAS 000, 1-?? Table 3 . The calculated parameters of SN 2009ib needed to apply EPM: the apparent radius (θ), photospheric temperature (T ), dilution factor (ζ(T )), and the photospheric velocity (v), measured from the absorption minimum of Fe ii λ5169 and interpolated to the epochs of the photometry.
( 10 8 used equation (1) of , and applied it to the BV I band photometry. We adopt the velocities measured from the absorption minimum of the Fe ii λ5169 feature as the photospheric velocities. We interpolated them to the epochs of the photometry using the relation given in the equation (2) of Takáts & Vinkó (2012) . The dilution factors can be determined as a function of the photospheric temperature from atmospheric model calculations. So far there have been two such studies, those of Eastman et al. (1996) and . In this paper we adopted the more recent values, those of . Note that the values of Eastman et al. (1996) are systematically lower, leading to shorter distances. The quantities calculated to apply EPM can be found in Table 3 . The resulting distance is DEPM = 21.3 ± 2.2 Mpc, while the explosion date determined via EPM is t0 = 55041.3 ± 3.1 MJD.
Confirming the date of explosion
In order to test the explosion epoch obtained via EPM, we estimated this date by matching the plateau phase spectra of SN 2009ib to those of other similar objects. We used the applications snid and gelato 3 (Harutyunyan et al. 2008 ), both of which compare the given spectrum to extended databases of SN spectra.
First, we selected a sample of comparison SNe that have good spectral covarage and their explosion epochs are well-constrained. Then we narrowed this sample by comparing their spectra to those of SN 2009ib, in order to filter out those objects that have significantly different spectral evolution. The final sample of templates contains SNe 1999em, 2002gd, 2004et, and 2009N for snid, and SNe 3 https://gelato.tng.iac.es 1999em, 2004et, 2012A and 2007od in the case of gelato. We matched each plateau phase spectra of SN 2009ib to the templates of these comparison SNe one by one, and calculated the explosion epoch taking into account the quality of the fits, i.e. the rlap parameter in the case of snid and the Quality of Fit parameter in the case of gelato. The systematic errors are calculated as the RMS of the explosion epochs from the different template SNe. In the case of snid the mean value of the determined explosion epochs was t snid = 55044.7 ± 6.5 (random) ± 1.3 (systematic). With gelato the systematic error of the results is higher, we obtained t gelato = 55040.3 ± 7.7 (random) ± 3.2 (systematic). In spite of the high uncertainties due to the slow spectral evolution of SNe II-P during the plateau phase, these results confirm the epoch obtained via EPM, which therefore we adopt as the explosion epoch of SN 2009ib.
SCM
Another method to calculate distances to SNe II-P is SCM which is based on an empirical correlation between the brightness of the SN and its expansion velocity in the middle of the plateau phase (Hamuy & Pinto 2002) . The method requires calibration using objects with well-known distances. The original version has been revised multiple times (Hamuy 2005; Nugent et al. 2006; Poznanski et al. 2009; Olivares et al. 2010 ). Here we apply several versions, similarly as was done in Takáts et al. (2014) . Poznanski et al. (2009) calibrated the equation
and defined MI = −1.615 ± 0.08 mag, α = 4.4 ± 0.6, RI = 0.8 ± 0.3 and (V − I)0 = 0.53 mag. In the case of SN 2009ib, we measured mI = 15.368 ± 0.020 mag, (V − I) = 0.800 ± 0.032 mag, and estimated vFe(50d) = 3247 ± 200 km/s. Assuming a Hubble constant H0 = 72 km s −1 Mpc −1 , we calculated the distance as DSCM,1 = 21.48 ± 2.00 Mpc. Olivares et al. (2010) examined the data of 37 nearby II-P SNe, and applied the same expression as Hamuy & Pinto (2002) :
but using the magnitudes and velocities measured 30 days before the middle of the transition phase (tPT). They calibrated the formula using different bands, the values of β and zp can be found in Table 6 of Olivares et al. (2010) . In Section 2 we determined tPT = 55182.7 MJD (141 days after explosion). At 30 days before this date we measured the values v(111d) = 2010 ± 300 km/s, mB = 18.49 ± 0.06 mag, mV = 17.10 ± 0.03 mag, mR = 16.39 ± 0.02 mag and mI = 15.99 ± 0.02 mag. These values led to the distances 23.70 ± 3.50 Mpc, 26.74 ± 3.29 Mpc and 28.09 ± 2.93 Mpc in B, V and I bands, respectively. The mean of these results is DSCM,2 = 26.19 ± 3.25 Mpc. We also apply the version of Maguire et al. (2010) , who extended the technique to the NIR range. They used the same formula as Poznanski et al. (2009) (2010) chose to calculate with the value of RV = 1.5, obtained by Poznanski et al. (2009) , instead of using it as a fitting parameter. In the case of SN 2009ib, we measured mJ = 14.88 ± 0.16 mag, (V − J) = 1.29 ± 0.16 mag, and used vF e(50d) = 3247 ± 200 km/s at 50 days after the explosion. In this way we obtained the distance DSCM,3 = 23.16 ± 3.48 Mpc.
The three variants of SCM provided slightly different distances. We adopt their mean, DSCM = 23.6 ± 1.7 Mpc as the SCM distance to SN 2009ib.
Distance to SN 1986L
SN 1986L was another type II-P supernova that exploded in NGC 1559. It was discovered at a very early phase and its data were also exploited to estimate the host galaxy distance. Schmidt et al. (1994) using an early implementation of the EPM and the dilution factors of Eastman et al. (1996) (which were at that time not yet published) estimated the distance as 16 ± 2 Mpc. Hamuy (2001) also used the dilution factors of Eastman et al. (1996) and a cross-correlation technique for measuring velocities and obtained the distance of 11.2 Mpc. According to , the higher value of Schmidt et al. (1994) is due to the shallower velocity curve they adopted.
We used photometric measurements in BV bands (M. Phillips, private communication; see also Anderson et al. 2014) , and velocities measured from the Doppler-shift of the Fe ii λ5169 line obtained from Schmidt et al. (1994) and . We interpolated the velocities to the epochs of the photometry using the relations of Takáts & Vinkó (2012) . found that the host galaxy extinction is negligible, therefore we only take into account the galactic extinction in the direction of SN 1986L, which is E(B − V )MW = 0.0258 ± 0.0003 mag (Schlafly & Finkbeiner 2011) .
We applied EPM the same way as in the case of SN 2009ib, using the dilution factors of and photometry in BV band. The calculated parameters can be found in Table 4 . We obtained the distance as D86L = 17.2 ± 3.0 Mpc, longer than the previous results of Schmidt et al. (1994) and , but shorter than the distance determined from the data of SN 2009ib. The difference from the earlier results is mainly due to the dilution factors, which are based on atmospheric models that greatly improved since the first applications of EPM. The lack of I band data usually leads to more uncertain temperature estimates and slightly different distances (see e.g. Jones et al. 2009 ). In the case of SN 2009ib, taking into account only the BV bands would lead to a distance only 4 per cent lower than with BV I bands.
Average Distance
As mentioned in the beginning of this Section, there have been several previous distance measurements to the host galaxy of SN 2009ib, and those results have a high scatter.
Most of the measurements used the Tully-Fisher (TF) method (Tully & Fisher 1977) . Since the TF method was applied by only a few groups, several times either by recalibrating the method or adding newer data, we decided to select Table 4 . The calculated parameters of SN 1986L needed to apply EPM: the apparent radius (θ), photospheric temperature (T ), dilution factor (ζ(T )), and the photospheric velocity (v), measured from the absorption minimum of Fe ii λ5169 by Schmidt et al. (1994) and and interpolated to the epochs of the photometry. (Evans et al. 1986 ).
only the latest paper from each group (Willick et al. 1997; Springob et al. 2007; Tully & Courtois 2012) , and then average their results. In this way we estimated the TF distance as 15.7 ± 1.5 Mpc. The distance to this galaxy was also determined using previous SNe. As discussed in Sect. 4.3, the EPM method was applied to the Type II-P SN 1986L by Schmidt et al. (1994) and by , but after reanalysing these data we obtained a distance somewhat higher than the published values. The MLCS2k2 method was used for the Type Ia SN 2005df leading to a distance of 22.0±2.0 Mpc (?). The redshift distance is 14.9±1.0 Mpc, however it has significant uncertainties due to the effect of peculiar motions, therefore we exclude it from our analysis. Considering the TF distance, that of SN 2005df, our EPM result for SN 1986L, and the distance to SN 2009ib determined with EPM and SCM (Table 5) , we conclude the mean of these five results, D = 19.8 ± 2.8 Mpc as the distance to NGC 1559.
BOLOMETRIC LUMINOSITY AND NI MASS
Using the distance determined in Sect. 4, we can calculate the bolometric luminosity of SN 2009ib. Between days 13 and 104 we have observations covering the wavelength range from u ′ band up to H band (see Sect. 2). Using low order polynomials, we interpolated the magnitudes in u ′ BRIJH bands to the epochs of the observations in V band. After correcting for the reddening, we converted these magnitudes to fluxes, and integrated them using Simpson's rule. The infrared range redwards from H band was estimated assuming Milne et al. (2010) .
that it follows the Rayleigh-Jeans tail of a black body spectrum. After day 104 we lack observations in the NIR bands. At this phase we used the formulae of Maguire et al. (2010) , who estimated the bolometric luminosity from the R and V magnitudes. We find that during the plateau phase this estimation agrees with the luminosity that we calculated, therefore we use them at the later phase, after day 104. The obtained uvoir bolometric luminosity curve is shown in Fig. 11 . Since the observational coverage for some of the SNe is incomplete, for comparison purposes we computed the luminosities by integrating only the BV RI fluxes. The distances of the comparison SNe can be found in Table 1 . Fig. 11 shows the comparison of the quasi-bolometric luminosity of SN 2009ib to those of other SNe II-P. In this comparison we included several SNe that were categorized as subluminous (SNe 2002gd, 2005cs) as well as "normal" events (SNe 1999em, 1999gi, 2004et) Authors, who examined a larger number of light curves of SNe II (e.g. Anderson et al. 2014; Sanders et al. 2015) have found that the luminosity distribution of SNe II-P is continuous, which is reflected in our Figure. The 56 Ni mass produced in the explosion can be estimated from the tail phase luminosity. We used the relation of Hamuy (2003) and obtained the value of 0.046 ± 0.015 M ⊙ . This value is significantly higher than those of the subluminous and intermediate SNe II-P (Sec. 6.4).
PROGENITOR PARAMETERS
Even though a large number of SNe II have been discovered and studied, we still do not fully understand the exact nature of their progenitors and explosions. In a number of cases direct identification of the progenitor star on archival preexplosion images have revealed that SNe II-P are originated from red supergiant stars in the mass range 8 − 16 M ⊙ (eg. Smartt 2009). In other cases, the parameters of the progen- In this section we investigate the properties of the progenitor of SN 2009ib first by examining the archival preexplosion images of its location taken by the HST, then, independently, by hydrodynamical modelling of the SN observables and, finally, we compare the light curve and spectra of SN 2009ib to the non-LTE time-dependent radiativetransfer simulations of Dessart et al. (2013) .
HST images
We downloaded the pre-explosion images of the SN site from the HST archive 4 . These images were taken with WFPC2 using the filters F 450W , F 606W and F 814W with the total exposure time of 320 s each, and the pixel scale of 0.0996 ′′ pixel −1 . The images were obtained on 2001 August 2 (Proposal ID 9042, PI. S. Smartt).
In order to measure the precise position of the supernova, we used post-explosion images taken with VLT+NaCo in Ks band (PI: Smartt), on 13 August 2009, about 16 days after explosion, downloaded from the ESO archive 5 . These images have the pixel scale of 0.05 ′′ pixel −1 , the field of view of 56 ′′ × 56 ′′ , and the total exposure time of 3960 s. We carried out dark-and flat-field corrections on all 22 images using the standard tasks of iraf. The sky was substracted by using off-source sky images taken before and after the on-source images. The sky-substracted frames were then aligned and combined.
In order to achive precise relative astrometry, we geometrically transformed the HST images to the NaCo image using the geomap and geotran tasks of iraf, measuring the positions of 11 point sources that are present on both images. We measure the SN position in the NaCo image with the iraf tasks daofind and imexamine. The error of the position of the SN was calculated from the uncertainties of both the geometric transformations and the position measurements as 160 mas.
We used the dolphot program 6 to detect and measure sources present in the pre-explosion images. Dolphot detected two sources close to the SN position. Both sources were detected at > 5σ with the filters F 606W and F 814W , but not with filter F 450W . Fig.12 shows the post-explosion image, as well as the same field in the pre-explosion image (in F 814W band). The third image on this figure zooms in to the surroundings of the SN position, with the detected sources marked as "A" and "B". This figure shows, that source "A" is a possible progenitor of the SN. Table 6 contains the positions of these sources relative to the SN, as well as their brightness measured by dolphot. We converted these magnitudes to the Johnson-Cousins system using the constants provided by Dolphin (2009) and corrected for the reddening (Sect. 2.1). The obtained V I values can also be found in Table 6 .
The spectral type of these sources (assuming they are single stars) were esimated from their V − I colours using Table 4 of Maund & Smartt (2005) (see also Drilling & Landolt 2000) . We found that both sources are likely type G stars. Therefore if source A is the progenitor, it is more yellow, than the the RSG stars that are the usual progenitors of SNe II-P. We used the bolometric corrections of Maund & Smartt (2005) to calculate the luminosity of source A. We obtained the value of log(L/L ⊙ ) = 5.04 ± 0.2 dex. Anderson et al. (2010) examined the site of SN 1986L, which exploded in the same galaxy as SN 2009ib, and measured the metallicity as (12 + log(O/H)) = 8.51 ± 0.13, a solar-like metallicity. Using the spectroscopy image taken with VLT (Sect.3), we extracted the spectrum of a H ii region close to SN 2009ib. The distance of this region to SN 2009ib is 17.1 ′′ , which corresponds to ∼ 1.6 kpc. It is closer than SN 1986L, the distance of which is 65.5
′′ . From the spectrum of the H ii region we measured the ratios of [N ii]λ6583/Hα (N2) and ([O iii]λ5007/Hβ)/N2 (O3N2), and following the procedure of Anderson et al. (2010) and using the relations of Pettini & Pagel (2004) we obtain the N 2 metallicity (12 + log(O/H))N2 = 8.44 ± 0.21 and the O3N 2 metallicity (12 + log(O/H))O3N2 = 8.73 ± 0.17. This value is similar to that of Anderson et al. (2010) and close to the solar metallicity.
In Fig. 13 we plotted the position of source A on a Herzsprung-Russel (HR) diagram together with stellar evolution tracks from the stars code (see Eldridge et al. 2008 , and the references therein) with solar metallicity. This dia- gram shows that source A is on the evolution track of the 20 M ⊙ star. In a few cases there have been a yellow source found at the SN postition in pre-explosion images. Li et al. (2005) found the progenitor of SN 2004et to be a yellow supergiant with a ZAMS mass of 15 Other than having a yellow supergiant with a ZAMS mass of 15 ± 2 M ⊙ as a progenitor, they offer alternative explanations for the yellow colour of the source. They consider the possibility that it is not a single star, instead a blending of two or more star. Examining model stellar spectra, they showed that the yellow colour can result e.g. from a blend of a type B0 with Mini ≈ 40 M ⊙ and a type M1 star with Mini ≈ 15 M ⊙ . In fact, by taking very late time images of this SN with HST, Maund et al. (2015) showed that the pre-explosion yellow source contained a blue star that remained present after the explosion, and concluded that the progenitor was most likely an RSG star with Mini ≈ 16 M ⊙ . In a similar case, Fraser et al. (2010) and Elias-Rosa et al. (2010) both arrived to the conclusion that the progenitor of SN 2009kr was a yellow supergiant star, with initial mass of 18 − 24 M ⊙ and 15 +5 −4 M ⊙ , respectively. Revisiting this SN at late times, Maund et al. (2015) found that the yellow source is probably a small compact cluster, not an single source.
In the case of SN 2009ib, we can examine a scenario similar to that of SN 2008cn. We can assume, that in the F 814W filter we detect the RSG progenitor, but due to its red color we do not see it in the F 606W band, where the detection is due to a blue star, unrelated to the SN. Assuming that the RSG star has a temperature of ∼ 3400 K, we determined the luminosity of the RSG star as log(L/L ⊙ ) = 5.12 ± 0.14 dex, following the same procedure as before. We show the position of this source on the HR diagram in Figure 13 . It shows that this RSG star would have had an initial mass of 16 ± 2 M ⊙ .
We should also consider, that source A is not the progenitor, which, instead, is too faint to be visible in the preexplosion images. Therefore we estimated the detection limits by running artificial star experiments using dolphot. We found that the upper limits at the position of the progenitor are 23.87 mag for F 450W , 24.30 mag for F 606W and 23.25 mag for F 814W . Correcting for the reddening Table 6 ).
(Sect.2.1) and taking into account the distance to the SN (Sect.4), these values correspond to the absolute magnitudes MF 450W −8.12 mag, MF 606W −7.55 mag and MF 814W −8.62 mag.
We used the colour and bolometric corrections of Maund & Smartt (2005) to convert the measured upper limits to bolometric magnitudes. Since in this scenario we have no precise colour information of the progenitor, we calculated and plotted the lower limit of the bolometric luminosity as the function of the effective temperature and plotted them on Fig. 13 . It shows that assuming that the progenior was an RSG star, we should have seen it in filter F 814W , if its initial zero-age main sequence mass exceeded 14 M ⊙ and both in filters F 606W and F 814W if its mass was MZAMS > 20 M ⊙ . Note, however, stellar evolution track calculations have several uncertainties. The final luminosity of a star with a given mass depends heavily on the treatment of the mixing processes, e.g. a lower overshooting parameter leads to lower luminosity. As Eldridge & Tout (2004) discussed, by turning the convective overshooting off in the STARS code, the final luminosity of a star with a certain initial mass increases. Therefore the upper limit of the progenitor mass in the case of SN 2009ib would be 2 − 3 M ⊙ higher without overshooting. In addition, Walmswell & Eldridge (2012) discussed that during their lives red supergiant stars (which were found to be the progenitors of several SNe II-P) produce dust that is destroyed in the SN explosion, therefore the extinction before the explosion can be significantly higher than the one estimated after the explosion, also leading to higher upper mass limits. Both of these uncertainties point toward a higher mass limit, therefore it is reasonable to consider that the upper mass limit of an RSG star too faint to be undetected in the pre-explosion images would be between 14 − 17 M ⊙ In summary, there are several possible interpretations of the pre-explosion HST images. These scenarios imply that 
Hydrodynamical modelling
We constrain the main physical properties of SN 2009ib at the explosion (namely the ejected mass, the progenitor radius and the explosion energy) through the hydrodynamical modeling of the SN observables (i.e. bolometric light curve, evolution of line velocities and continuum temperature at the photosphere).
We use the same approach adopted for other SNe (e.g. 2007od, 2009E, 2009N, 2012A, and 2012aw; see Inserra et al. 2011; Pastorello et al. 2012; Takáts et al. 2014; Tomasella et al. 2013; Dall'Ora et al. 2014, respectively) , in which a simultaneous χ 2 fit of the observables against model calculations is performed and two codes are employed for computing the models. The first one is the semi-analytic code described in detail by Zampieri et al. (2003) which is used to perform a preparatory study aimed at individuating the approximate location in the parameter space describing the SN progenitor at the explosion. The results of such study are utilised to guide the more realistic, but time consuming model calculations performed with the second code which is the general-relativistic, radiationhydrodynamics Lagrangian code presented in Pumo et al. (2010) and Pumo & Zampieri (2011) . Its main features are (cfr. also Pumo & Zampieri 2013 ): a) a fully implicit Lagrangian approach to the solution of the coupled non-linear finite difference system of relativistic radiation-hydro equations, b) an accurate treatment of radiative transfer in all regimes (from the one in which the ejected material is optically thick up to when it is completely transparent), and c) a description of the evolution of ejected material which takes into account both the gravitational effects of the compact remnant and the heating effects linked to the decays of the radioactive isotopes synthesized during the SN explosion.
Based on the adopted explosion epoch (MJD= 55041.3; Sect. 4.1.1), bolometric luminosity and nickel mass (M ( 56 Ni) = 0.046 M ⊙ ; Sect. 5), the best fit gives values of total (kinetic plus thermal) energy of 0.55 foe, progenitor radius of 2.8 × 10 13 cm (∼ 400 R ⊙ ) and envelope mass of 15 M ⊙ (see Fig. 14) . The estimated uncertainty on the modelling parameters are about 15 per cent.
Adding the mass of the compact remnant (∼ 1.5 − 2.0 M ⊙ ) to that of the ejected material, we estimate the mass of the progenitor of SN 2009ib at the explosion as 16.5 − 17 M ⊙ , which can be even higher if we consider the mass that the progenitor may have lost during its life. This estimate is consistent with the mass range of RSG precursors, and somewhat higher than the upper limit of the progenitor mass determined from the pre-explosion images (Sect. 6.1). This is in agreement with results in the literature that found that progenitor mass estimate from hydrodynamical modelling are in general larger than those from direct detections (see e.g. Smartt 2009; Maguire et al. 2010; Tomasella et al. 2013 ).
Comparison to non-LTE models
We compared the observational properties of SN 2009ib to the non-LTE time-dependent radiative-transfer simulations of Dessart et al. (2013) . They used mesa star (Paxton et al. 2011 (Paxton et al. , 2013 to evolve a 15 M ⊙ main-sequence star. Changing parameters such as mixing length, overshoot, Figure 14 . Comparison of the evolution of the main observables of SN 2009ib with the best-fit models computed with the generalrelativistic, radiation-hydrodynamics code (total energy 0.55 foe, pre-explosion radius 2.8 × 10 13 cm, envelope mass 15 M ⊙ ). Top, middle, and bottom panels show the bolometric light curve, the photospheric velocity, and the photospheric temperature as a function of time. To better estimate the photosphere velocity from observations, we use the minima of the profile of the Sc ii lines which are considered good tracer of the photosphere velocity in Type II SNe. For the sake of completeness, the best-fit model computed with the semi-analytic code (total energy 0.4 foe, initial radius 2.4 × 10 13 cm, envelope mass 12.4 M ⊙ ) is also shown.
rotation and metallicity, they created a grid of pre-SN model stars. Then they generated a piston-driven explosion with v1d (Livne 1993; and evolved the SN with cmfgen (Hillier & Miller 1998; Dessart et al. 2008; Hillier & Dessart 2012 ) until late into its nebular phase (for details see Dessart et al. 2013) . The model properties can be found in Table 1 of Dessart et al. (2013) . They compared the light curve and spectra of SN 1999em to the models, and found the only model able to reproduce the colour evolution is the one called m15mlt3, the one where the RSG progenitor have significantly smaller pre-explosion radius (∼ 500 R ⊙ ) than the rest. We compared the properties of SN 2009ib to two of the models: to m15mlt3 mentioned above, and to the model m15e0p6, which had lower ejecta kinetic energy than the baseline model (0.6 foe instead of 1.2 foe). Fig. 15 compares the light curve of SN 2009ib to the two models, while Fig. 16 shows the spectral comparison. It is clear from these comparisons, that while the model m15mlt3 fits better the colour evolution and the length of the plateau phase, the model m15e0p6 reproduces better the brightness and the spectral evolution of the SN. Consequently, the best-fitting model might be the combination of these two, a model with a smaller progenitor radius and small ejecta kinetic energy. The progenitor radius of the m15mlt3 model and the kinetic energy of the m15e0p6 model are close to the values we obtained from the hydrodynamical modelling. The hydrogen envelope mass for both models is 10.2 M ⊙ . Dessart et al. (2013) notes, that the ejecta mass depends also on the He core mass, which only can be estimated via nebular phase modelling, which goes beyond the scope of this paper. There is a broad agreement between the our early nebular phase spectra and the models, therefore the best-fitting model Dessart et al. (2013) . The m15e0p6 model is scaled to the distance of the SN and matches its brigthness well, while the brightness of the model m15e0p6 is higher, therefore we applied an additional vertical shift of 0.88 mag for better comparison.
should not be very far from those we examined here, but a more careful comparison to a broader grid of models is necessary to draw more accurate conclusions. In Fig. 17 we compare the physical parameters of SN 2009ib and its progenitor to those of other SNe II-P. The majority of the data we used here were published in Zampieri (2007) who carried out hydrodynamical modelling to estimate the parameters of SNe and compared them using similar plots as Fig. 17 . We also included in the comparison SNe 2007od (Inserra et al. 2011 ), 2009N (Takáts et al. 2014 ), 2009bw (Inserra et al. 2012 ), 1995ad, 2009dd, and 2010aj (Inserra et al. 2013 , 2012A (Tomasella et al. 2013 ), 2012aw (Dall'Ora et al. 2014 ), 2005cs and 2008in (Spiro et al. 2014 . The physical parameters of these objects were estimated with the same hydrodynamical modelling technique that we use in this paper (Sect. 6.2). In the Figure 
SUMMARY
In this paper we present data and analysis of SN 2009ib in NGC 1559. This object lies between the luminosity ranges of subluminous and normal SNe II-P, belonging to the growing sample of the so-called "intermediate" luminosity objects, such as SNe 2008in and 2009N. However, this object shows significant differences from those, further blurring the line between the sub-groups of SNe II-P.
Among the most important observational properies of SN 2009ib are its moderate bolometric luminosity, unusually long plateau (lasting 120 days after explosion) and moderate expansion velocities. The spectra is very similar to that of the subluminous SN 2002gd, but shows differences from those of other subluminous and intermediate luminosity SNe. Comparing the NIR spectra to those of other objects, we find that the Sr ii lines weaker and the C i lines are significantly stronger than usual (noting, however, that the available sample is quite limited).
We estimated the distance to SN 2009ib using both the expanding photosphere method and the standardized candle method. We also determined the distance to SN 1986L, another SN II-P that exploded in the same galaxy. Combining these results with distances from the literature we obtained the value of D = 19.8 ± 3.0 Mpc (µ = 31.48 ± 0.31 mag). Using this distance, we constructed the bolometric light curve of the SN, and from the tail luminosity we estimated the mass of the 56 Ni produced in the explosion as 0.046 ± 0.015 M ⊙ , a value comparable to those of normal SNe II-P, such as SN 2004et.
We examined the pre-explosion images of the galaxy taken by the HST, searching for the progenitor. We found two sources close to the SN, one of them coinciding with its position. We detected this source in the filters F 606W and F 814W . Assuming it is a single star, the yellow colour and the luminosity of the source would indicate a type G1 star with MZAMS ≈ 20 M ⊙ . It is also possible, however, that it is a blend of two or more stars, and the yellow colour is due to the superposition of the light from those. Assuming that in the F 606W band an accompanying blue star is detected while the F 814W band detection belongs to the progenior and this progenitor is an RSG star, we obtained the mass estimate MZAMS ≈ 16 M ⊙ . In addition, we examined the possibility that the progenitor of the SN is too faint (2013) . There is an obvious colour mismatch in the case of the day 16 spectrum with both models. The overall fit is not bad, though the velocities and the strength of the features do not match everywhere.
to appear in HST images. Assuming that it exploded as a RSG star, we found that the upper limit of this mass to be 14 − 17 M ⊙ .
Using hydrodynamical modelling, we estimated the progenitor parameters at the explosion, and found the ejecta mass 15 M ⊙ , the total explosion energy 0.55 foe and the inital radius as 2.8 × 10 13 cm. Adding the mass of a compact remnant, the estimated progenitor mass is 16.5 − 17 M ⊙ .
We compared the light curve and spectra of SN 2009ib to the non-LTE time-dependent radiative-transfer simulations of (Dessart et al. 2013) , where the main sequence mass of the model star was 15 M ⊙ . We found that the models with reduced inital radius match reasonably the colour evolution, plateau length and spectral evolution of the SN, while we need the model with smaller kinetic energy to match the absolute brightness.
In summary, we found that SN 2009ib may have emerged from a red supergiant star with a main sequence mass of 14 − 20 M ⊙ and an initial radius of ∼ 400 − 500 M ⊙ . Its explosion had moderate energy of ∼ 0.6 foe, resulting in a SN with intermediate luminosity and expansion velocity, but somewhat elevated amount of 56 Ni and an unusually long plateau phase.
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